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If it is noted that (ﬁ + 8'") = (ﬁ + x') = x'" cos ¢ sin 8, the expression for
the radiation field can be obtained by substituting (1.38) - (1.40) into
(1.37). Performing these substitutions and employing the following change

in constants

w/vo = BOCO » G ™ 1207 ohms

one obtains

-3308, =-jB,R,+8.d cos 6 h jB, cos ¢ sin 6 x'
£f - —-—ﬁ-—-(-Z a YW [-¢ sin ¢ [ I_(x")e 9 dx'
x
0 ~h
A h jBo cos ¢ sin 6 x'
4+ 6 cos ¢ cos @ f Ix(x')e dx'] (1.41)
-h

Consider now the case in which the region z < 0 is no longer air but is
filled with an imperfectly conducting material such as earth with parameters
€20 9p° With hindsight obtained from the previous development by Nortonm,
it can be shown that two effects are involved in modifying the radiation
field due to the interface. First of all, the proximity of the earth to the
wire modifies the current distribution, as shown in [2]. Secondly, a re-
flected field is now set up by the interface which must be combined with the
direct isolated field to obtain the total radiation pattern. If the correct
current distribution is known, (1.41) gives the proper expression for the di-
rect field. To obtain the correct expression for the reflected field, it is
necessary to examine what effect the polarization of the incident field will
have on its reflection from a plane surface. \

Figures 1.6a and 1.6b present the two types of polarization that can\
occur when a plane wave impinges upon a plane interface. The plane of inci-
dence is defined as the plane containing the propagation vector and the
normal to the interface at the point of reflection. For both cases in Fig.
1.6, the pﬁane of the page represents the plane of incidence. The case in
Fig. 1.6a is characterized by having the electric field perpendicular to the
plane of incidence or hcrizontal to the reflecting surface. For this reason
the case is often referred to as horizontal polarization. In Fig. 1.6b the

electric field is parallel to or in the plane of incidence and is often
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FIG, 1.6, WAVE REFLECTION OFF A PLANE INTERFACE




referred to as vertical polarization even though the electric vector may

have components both horizontal and vertical to the interface.

For horizontal polarization it can be easily shown [16), [17] that

Eh = total horizontal component = Ei(rl) + Er(rz)

= Ei(rl) + RhEi(rz) (1.42)

where T, is the direct distance from the antenna-source point to the far-
field point and r, represents the distance between the same points but
through the reflecting path (Fig. 1.6). E, and Er are the direct and re-

i

flected vectors, respectively, and R, is the Fresnel reflection coefficient

given by (1.26). For the case of ve:tical polarization (polarization paral-
lel to the plane of incidence) the total horizontal and total vertical com-
ponents must be considered separately. When this is done, it is easy to
show that

' = - - i
Eh total horizontal component Ei(rl) Rin(rz) (1.43) 1

B, - total vertical component = Ei(rl) + Rin(r (1.44)

2)
where Rv is the Fresnel coefficient for vertical polarization given by (1.21).

Figure 1.7 depicts the situation for a wire over a half-space, deline-
ates the path for direct and reflected transmission, and shows the plane of

incidence for the far-field components. It is apparent that E, is always

¢
perpendicular to the plane of incidence and, thus, can be categorized as

horizontal polarization. With this fact it can be concluded that
E. =E(r) + RENr,) (1.45)
¢T ¢ 1 Rh‘¢ 2 i

On the other hand, it is evident that F_, lies in the plane of incidence and,

e
thus, represents a case of vertical polarization. It follows that it is ne-
cessary to decompose Ee into vertical and horizontal components. Specifi-

cally, it can be shown that

Ee = Ep cos § - Ez sin © (1.46)

et s
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where Ep is the total horizontal component and Ez is the total vertical com-
ponent. Due to the fact that the current source is along the x direction,
no electric-field component in the z direction 1is to be expected. Therefore,

only the horizontal component is present and it follows from (1.43) that
B =Er) - R EXr) (1.47)
‘T (- D ¢ v 6" 2 £
Thus, the total electric field for a wire above a plane interface can be de-

terminaed from (1.45) and (1.47) where Ei is contdined in (1.41).

Previously it has been shown that for the direct wave

r, =R YR - (R+ x') -d cos 6 (1.48a)

Similarly, the following approximation holds for the reflected wave:

s YRy - (R * x') +d cos 0 (1.48b)

r

where r, is approximately equal to the distance from an image antenna at a

point d below the interface. By using the standard far-field approximations

with r,~r, = RO in the denominator and (1.48a,b) used in the exponent, the
‘-

space wave can be written as:

B 308, =-j(B,R,-B.d cos 0) 3 -j2R,.d cos 6
= ¢ j --Q-e 070 0 sin ¢ A (1 + Rhe < )

. 308, =-j(B,R,-B.d cos 6) L ~3j28
=6 3 =2 e AR cos ¢ cos 8 A (1 - Re

d cos 6

)
(1.49)

0

where

" h jBy cos ¢ sin 8 x'
K= [ I(x"e dx' (1.50)
=h

Surface Wave

In the procedure outlined above there is no way to acquire information
concerning the surface wave. Naively setting 6 = 90° in (1.49) shows that

the space wave cancels at the interface. To obtain a suitable expression




ments could be made. Permission was granted by the M.,D.C., to use a section
of Upper Mystic Lake (Fig. 2.7a) to perform this research. One of the bene-
fits of this particular lake was that no power boats were allowed to operate
on it and thus create excessive turbulence. In order to maneuver on the
lake, permission was received to use a small two~-man rubber boat equipped
with a 1-1/2 horsepower engine (Fig. 2.8b). A series of floats was placed in
a semi-circle of radius ZOAO at intervals of approximately 11°, This was ac~-
complished by first establishing a center point by positioning a small float
at approximately 230 feet from the shore. The water depth at this point was
45 feet and a large 100 pound weight was used to hold the float in place.

A section of rope ZOAO in length could then be tied on to the center float
and pulled by the boat without moving the position of the center. Initially
marker floats were dropped at 0° and 180° at a distance of ZOAO from the
center. The rest of the markers were placed by successively dividing the
arc of the semi~circle in half, i.e., 90°, then 45°, etc. The division was

mainly done visually. This resulted in errors of possibly as much as #5° in

each marker's location. With the use of the radius rope, however, it was
fairly well assured that the floats all lay closely on a radius of ZOA

Three additional floats, each anchored with 100 pounds of weight, were
placed in a triangle around the center float. These were used to tie down
the large float on which the antenna was placed (Fig. 2.7b). As can be seen
in the figure, rcpes were attached to the large float and were then tied se-
curely to the trio of floats. When the antenna was in position, it was di-
rected so that the main beam of radiation would be across the lake, result-
ing in no problems with reflections. The farthest measuring point from the
shore, the 0° marker, was at a distance of 380 feet and the water depth was
measured to be 66 feet. The closest measuring point to the shore, the 180°
marker, was at a distance of 85 feet with a water depth of 10 feet. At all
measuring points the water depth was greater than the skin depth, insuring
that reflections off the bottom of the lake would not be a problem.

A separate smaller float was used to support the battery and transmit-
ter as shown in Fig, 2.8(a). Holes were cut in the float into which the
battery and electronics could be placed to avoid any movement in rough water.
The equipment float was fastened securely to the larger float by means of
ropes. The initial assemblage of floats and equipment was done on shore and

then the entire apparatus was towed out by boat and tied down at the center.
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FIG. 2.7a UPPER MYSTIC LAKE

FIG. 2.7b ANTENNA FLOAT OVER FRESH WATER

ity
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FIG. 2.8a EQUIPMENT FLOAT

F1G. 2.8b RUBBER BOAT AND FIELD-STRENGTH METER
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Once the floats were secured in the water, it was possible to change the an-
tenna heights in this position from the boat without bringing the assembly
back to shore. With the antenna height established, field-intensity meas-
urements were made by moving the boat to each of the degree markers on the
20),, semi-circle and there recording the reading. To accomplish this two
peo;1e were needed, one to navigate the boat and the other to take the read-
ings. The meter was held in a block of polyfoam and positioned to the front
of the boat in order that the antenna could extend beyond the bow, as shown
in Fig. 2.8(b). Each measurement was made by moving radially in at the an-
tenna and recording the reading as the boat passed over the marker float.
Since any movement of the two persons in the boat could affect the readings,
care was taken to remain as still as possible and to maintain the same rela-

tive positions for each set of measurements,

Over a period of time problems arose with marker floats disappearing
due to vandals. With flcats disappearing faster than they could be replaced,
it was decided not to use all of the floats. Fortunately, the center float,
the marker at 0° and the three anchored floats were all sufficiently weight-
ed down so that they could not be moved. It was decided to retain only the
0°, 45°, 90°, 135° and 180° marker floats. At night these floats were tied
about 1 foot under the water to prevent any further tampering. With fewer
floats available, the measurement procedure was altered slightly. The boat
was now made to move in a circular path using the 5 marker floats as guides
and a watch was used to record measurements at intervals of 15 seconds. By
assuming that the boat was moving at a constant rate, the 180° sweep could
be divided by the number of readings to determine the angular position for
each measurement. Obviously errors exist in the measurements due to uncer-
tainties in the angular position and radial distance from the antenna but,
considering the uncontrollable circumstances involved, every effort was made

to minimize these errors.

Dry-Earth Measurements

As was previously mentioned, the field-pattern measurements were made
over earth with electrical properties of Ce ™ 4.3 and ¢ = ,0013 mhos/m. To
avoid any errors due to fluctuations in the transmitter's output power, a
warm-up period of at least 15 minutes was observed before any measurements

were taken. Bench testing has shown that good power output and frequency




stability can be obtained after 5 to 10 minutes of warm~up. A polyfoam
canopy was placed over the transmitter and amplifier to shade them from the
sun. Excessive heating of the aluminum boxes containing the electronics was
discovered to cause transistor burn-outs and power drift. At each height a
hand probe, consisting of a small loop, was used to determine approximately
the phase constant BL on the line. This was done by measuring the distance
between nulls on the unloaded wire. From this the length of the quarter-
wave sections can be determined. The resistor which gave the best front-to-

back ratio was used for the pattern measurements,

The measured field patterns appear in Figs. 2.9 through 2,13, Tabula-
tion of the measured data is given in Appendix A. The figures are presented
in order of increasing d/ko; all are for an antenna of length 11 = AO. In
all cases except that in Fig. 2.9 only half of the surface-wave pattern,
from 0° to 180°, was measured. In Fig, 2.9 the symmetry of the pattern was
checked to determine if a possible unbalance in the feeding line or reflec-
tions from distant objects were affecting the pattern. Measurements made on
a full 360° sweep show that the symmetry of the pattern is quite pood with
some small asymmetry appearing in the back lobe. The measurements presented
are for the vertical component, Ez, which can be shown to be the major com-
ponent of radiation in the surface wave. The horizontal surface-wave com-

ponent, E , was measured to be around 20 dB below the Ez component at all

points excht in the vicinity of 90° and 270° where the Ez pattern has a
sharp null. At these two points Ez and F.¢ are comparable in magnitude. The
measurements in Figs. 2.9 through 2.12 show that with heights of d/AO = ,01
to .1 and with proper matching the modified Beverage antenna can achieve
very directive radiation patterns with front-to-back ratios of close to 20
dB and half-power beamwidths of around 80°. These patterns are all quite
similar, with some small variations appearing in the minor-lobe structure.
At d/A0 = ,25 (Fig. 2.13) the general shape of the pattern begins to change
and the directivity suffers aiso. A dip in the major lobe at ¢ = 0° is ob-
served and a front-to-back ratio of only 9 dB was obtained. It would appear

that the departure of the current and charge distributions from a transmis-

sion-line form is manifested in this radiation pattern.

P
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Fresh-Water Measurements

Following a procedure similar to that used for the case over earth,
measurements were made on modified Beverage antennas over fresh water. The
water in Upper Mystic Lake was found to be highly conducting when compared
to most fresh-water lakes. 1Its electrical properties were measured to be
Ee ® 81 and 0 = .062 mhos/m. In these measurements the values of AL/A and
Zc/2 were determined from theoretical expressions given in [2, Eqs. (1.7)
and (1.8)]. The measured field patterns for modified Beverage antennas of
length 21 = AO' placed at heights of d/X0 = ,01, .02, .05, .1 and .25 are
presented in Figs. 2.14 through 2,18. A tabulation of the measured data ap-
pears in Appendix A, Measurements were not able to be made at the lowest
height, d/A0 = .01, due to the waves on the surface of the lake. At this
height the wire remains only 2 cm above the water level and the constant
rocking of the antenna float due to the choppy water caused the wire to be
submerged part of the time. It was decided that at this height it was im-
possible to maintain the wire at a uniform distance above the water and that
measurements made at this height would be unreliable. Fig. 2.14 shows the
theoretical sky-wave and surface-wave patterns for a modified Beverage an-
tenna at d/A0 = ,01. The theoretical expressions are given by (1.49) and
(1.51) with the theoretical wave number used for kL' Figures 2,15 through
2.18 compare the measured vertical surface-wave patterns with theoretical
predictions f-om (1.51) and also display the theoretical sky-wave patterns.
For the surface-wave measurements the maximum field-strength reading is nor-
malized to one. In all cases except at d/)‘0 = ,25, this maximum occurs at
¢ = 0°. 1In Fig. 2,15 the directivity of the pattern is certainly evident,
but the field in the region 90° <¢ < 270° is much larger than the theory
predicts. At this height the wire was still reasonably close to the water
(approximately 4 cm) and the motion of the float could still cause large
variations in the d/AO value. Since this measurement was made over choppy
water, it is reasonable to assume that this is the cause for the discrep-
ancy in the back lobe. For the other three cases, Figs. 2,16 through 2.18,
much better agreement is observed with slight variations appearing in the
back lobe, which is quite sensitive to exact phase cancellations. It is in-
teresting to note that at d/A0 = ,25 a significant reduction in the front-
to-back ratio is observed along with a dip in the main lobe at ¢ = 0° simi-

lar to the measurements over earth. The cause of this would again appear to
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be due to the changing nature of the current from one that is predominantly
of transmission-line form to one that is more characteristic of an antenna
in free space. The E¢ field was measured to be approximately 10 dB below
the Ez field at all points except in the null at ¢ = 90° where they are com=-

parable in value.

2.4, Conclusions

Several important conclusions can be drawn from the data presented in

Figs. 2.9 through 2.18. They are as follows:

1) The ability of the modified Beverage antenna to launch a unidirec-
tional surface-wave radiation pattern is clearly evident. In use over both
fresh water and dry earth, front-to-back ratios of 20 dB can be obtained.
The main radiation lobe is quite broad with half-power beamwidths of about
80°. Unidirectional characteristics should also be exhibited in the space-
wave radiation pattern, although no measurements were made to confirm this,
It would appear that the modified Beverage antenna should be an excellent

element in highly directive broadside arrays.

2) When matched properly, the vertical surface-wave pattern appears to

be fairly insensitive to changes in height in the .01 < d/)\0 < .1 range.

3) TFor d/)\O = ,25, a significant loss in directivity is noticed along
with changes iu the shape of the pattern at ¢ = 0°. This seems to be attri-
butable to the changing nature of the antenna current distribution from one
that is predominantly transmission-line-like to one more characteristic of

an antenna in free space.
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APPENDIX A f
TABLES OF THEORETICAL AND MEASURED FTELD PATTERNS OF BEVERAGE WAVE ANTENNAS ]
y

The tables in this appendix contain the theoretical and measured field
patterns for modified Beverage antennas over fresh water. Also included are |
the measured data for Beverage antennas over dry earth. The following terms

are defined:

"ETH/ETM" = Ee normalized to the maximum Eg value;

"EZ/EZM" = Ez normalized to the maximum E, value; }
"EFI/EZM" = E¢ normalized to the maximum E_ value;

"“ERO/EZM" =

Ep normalized to the maximum Ez value.
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